The evolutionary dynamics of duplicated protein-encoding genes (PEGs) is well documented. However, the evolutionary patterns and consequences of duplicated MIRNAs and the potential influence on the evolution of their PEG targets are poorly understood. Here, we demonstrate the evolution of plant MIRNAs subsequent to a recent whole-genome duplication. Overall, the retention of MIRNA duplicates was correlated to the retention of adjacent PEG duplicates, and the retained MIRNA duplicates exhibited a higher level of interspecific preservation of orthologs than singletons, suggesting that the retention of MIRNA duplicates is related to their functional constraints and local genomic stability. Nevertheless, duplication status, rather than local genic collinearity, was the primary determinant of levels of nucleotide divergence of MIRNAs. In addition, the retention of duplicated MIRNAs appears to be associated with the retention of their corresponding duplicated PEG targets. Furthermore, we characterized the evolutionary novelty of a legume-specific microRNA (miRNA) family, which resulted from rounds of genomic duplication, and consequent dynamic evolution of its NB-LRR targets, an important gene family with primary roles in plant-pathogen interactions. Together, these observations depict evolutionary patterns and novelty of MIRNAs in the context of genomic duplication and evolutionary interplay between MIRNAs and their PEG targets mediated by miRNAs.
INTRODUCTION
Genomic duplications, such as whole-genome duplication (WGD), segmental duplication, and tandem duplication are recognized as essential sources of genetic material for the origin of evolutionary novelties (Ohno, 1970) . WGD, caused by polyploidization, is particularly common in the plant kingdom (Soltis and Soltis, 1999; Otto and Whitton, 2000) and largely responsible for reproductive isolation and sympatric speciation (McGrath et al., 2014) . Tandem duplication frequently occurs in higher eukaryotes and is often revealed by the prevalence of clusters of genes and their copy number variation among related species (Rizzon et al., 2006; Fan et al., 2008) . Recent studies demonstrated that a large number of genes or gene fragments could be captured and moved by transposable elements (TEs) (Jiang et al., 2004; Lai et al., 2005) , as a mechanism for the creation and amplification of new genes. In addition, TEs themselves could be domesticated into new forms with novel functions that regulate the activity of proteinencoding genes (PEGs) in the host genomes (Vogt et al., 2013) , representing another TE-mediated mechanism for gene creation. Among these mechanisms, WGD appears to have the most significant impact on genome evolution and innovation, as it creates a large set of genes simultaneously in a genome.
Theoretically, functional redundancy of duplicated genes would subject one copy to a period (e.g., perhaps a few million years) of relaxed selection after duplication, resulting in accumulation of deleterious mutations or ultimate elimination of one copy of the gene (Ohno, 1970) . This process is evident from the presence of a large number of pseudogenes and singletons in many organisms that have undergone WGD (Schnable et al., 2009 (Schnable et al., , 2011 Schmutz et al., 2010; Moghe et al., 2014) . However, tens of thousands of duplicated gene pairs are generally retained in paleopolyploid genomes after tens of millions of years of natural selection (Schnable et al., 2009; Schmutz et al., 2010) , indicating their functional importance. These duplicated genes may both have been retained with conserved ancestral functions (conservation), one copy with ancestral functions and the other with novel functions (neofunctionalization), both copies with deleterious mutations but together maintaining the ancestral functions (subfunctionalization), or both copies with functions diverged from each other and from the ancestral gene (specialization) (Ohno, 1970; Force et al., 1999; Stoltzfus, 1999; He and Zhang, 2005) . Despite the widespread acceptance of these evolutionary models, with empirical examples for each (Assis and Bachtrog, 2013) , more and more studies suggest that rewiring of the regulatory networks following WGD might have had a significant impact on the evolutionary consequences of duplicated genes rather than functional divergence of duplicated proteins (De Smet and Van de Peer, 2012) . This proposition seems to be well supported by the observation that the majority of duplicated genes exhibit distinct patterns of expression between the two members of each pair, as revealed by genome-wide profiling of plant transcriptomes across different tissues and development stages (Danilevskaya et al., 2003; Du et al., 2012; Roulin et al., 2012) .
MicroRNAs (miRNAs) are important regulators of PEGs and are involved in many biological processes, such as development, differentiation, growth, and immune responses (Carrington and Ambros, 2003; Bartel, 2004; Carthew and Sontheimer, 2009 ). In plants, miRNAs are mainly 21-or 22-nucleotides long and processed by DICER-LIKE1 from single-stranded MIRNA precursors with stem-loop secondary structures (Voinnet, 2009) . In general, miRNAs reduce levels of specific proteins through direct cleavage of mRNAs or translational repression (Khraiwesh et al., 2010) . Recent work demonstrated that some miRNAs can trigger the biogenesis of secondary small interfering RNAs (siRNAs), termed trans-acting siRNAs or phased siRNAs (phasiRNAs) from the transcripts of genic or intergenic sequences (termed TAS or PHAS loci) through the RDR6/DCL4 pathway (Peragine et al., 2004; Vazquez et al., 2004; Allen et al., 2005; Yoshikawa et al., 2005; Zhai et al., 2011) . These trans-acting siRNAs or phasiRNAs are generally clustered in a 21-nucleotide phased register starting at the initiation cleavage sites (Chen et al., 2007; Howell et al., 2007) . Similar to miRNAs, phasiRNAs function in homology-dependent manner to suppress the expression of their target genes in cis or in trans (Zhai et al., 2011; Li et al., 2012; Shivaprasad et al., 2012) . It is believed that the effects of miRNAs on gene regulation could be amplified by production of phasiRNAs (Fei et al., 2013) . To date, numerous miRNAs have been identified in plants, and many of these mRNAs are evolutionarily and functionally conserved across species (Fahlgren et al., 2010; Fei et al., 2013) . On the other hand, a few studies have illustrated the rapid divergence of miRNAs and their target genes (Allen et al., 2004; Smith et al., 2015) . Nevertheless, few genome-wide studies have attempted to investigate the nature of MIRNA duplication, or the evolutionary patterns, consequences, and novelty of duplicated MIRNAs, the evolutionary mechanisms for creation of novel miRNAs and potential coevolution of miRNAs and their target PEGs in the context of WGD events.
Soybean (Glycine max) is one of the most economically important leguminous crops, domesticated from its wild progenitor species, Glycine soja, ;5000 years ago (Carter et al., 2004) . It is proposed that the Glycine lineage has undergone at least two rounds of WGD after its divergence from the lineage that gave rise to Arabidopsis thaliana. One WGD occurred ;59 million years ago (MYA) and a second ;13 MYA (Schmutz et al., 2010) , after the split of the Glycine lineage from its close relative, common bean (Phaseolus vulgaris), ;19 MYA (Lavin et al., 2005; McClean et al., 2010; Schmutz et al., 2014) . With the availability of the reference genome sequences from both soybean and common bean (Schmutz et al., 2010 (Schmutz et al., , 2014 , and two clearly defined duplication events before and after their split, these two leguminous crops have become an important model system suitable for investigation of the nature, timing, and evolutionary dynamics and consequences of recurrent WGD events.
Here, we performed a comprehensive, genome-wide study on soybean MIRNAs to examine the evolutionary rates of duplicated MIRNAs versus singletons, the relative retention of duplicated MIRNAs after WGD, amplification of MIRNAs by tandem duplication, and TE-mediated creation of MIRNAs in the context of the recent WGD. We then investigated intraspecific and interspecific preservation/conservations of MIRNAs including both MIRNA duplicates and singletons by comparing homologous/orthologous genomic regions from the two species. Finally, we analyzed the potential interplay between MIRNAs and their PEG targets and the coevolution of these sequences in the paleopolyploid genome. These analyses not only depict the evolutionary patterns and consequences of duplicated MIRNAs in a complex paleopolyploid genome, but also illustrate the evolutionary novelty of duplicated PEGs and MIRNAs mediated by miRNAs. In addition to these observations, we annotated 186 MIRNAs that produce 122 unique mature miRNAs in the newly available reference genome of common bean (Schmutz et al., 2014) .
RESULTS

Distribution of MIRNAs in Terms of Their Genomic Environments in Soybean
A total of 638 nonredundant MIRNAs (i.e., precursor genes of mature miRNAs) were previously annotated based on small RNA libraries generated from various tissues, including seeds, roots, stems, leaves, flowers, and developing nodules at various stages (Song et al., 2011; Zhai et al., 2011; Arikit et al., 2014; Zhao et al., 2015) . However, some of these miRNAs were recently reannotated as siRNA-like miRNAs; thus, the predicted MIRNAs producing these more dubious "miRNAs" were excluded from our analyses. In total, 454 MIRNAs showing the typical features of MIRNA precursors with capability to generate miRNAs in at least one of these many tissues were considered as genuine MIRNAs. This consideration is consistent with the criteria generally used for annotation of MIRNAs and miRNAs in plants (Meyers et al., 2008) . A previous study predicted 28,281 MIRNA-like elements in soybean based on their hairpin structures (Zhou et al., 2013) , but nearly 98% of those actual "hairpins" were not able to produce miRNAs at a detectable level in any of these small RNA libraries, and the majority of those are portions of "dead" TEs belonging to a limited number of large TE families (Du et al., 2010) . Therefore, such so-called MIRNA-like elements, solely predicted based on hairpin structures, were also excluded from our analyses, unless their homologs generated by the recent WGD or orthologs in common bean were found to be able to produce miRNAs. In such a case, the unexpressed MIRNA homologs or orthologs were referred to as pseudo-MIRNAs or pMIRNAs.
To shed light on how the expression of MIRNAs might be affected by their surrounding sequences, we analyzed the distribution of the 454 MIRNAs in the context of three categories of genomic components: PEGs, repetitive sequences, and unclassified sequences in the soybean reference genome (version 1.1, www. soybase.org). Of these MIRNAs, 162 (35.7%) were located within PEGs, 213 (46.9%) were harbored by unclassified sequences, and 79 (17.4%) were found within repetitive sequences, primarily TEs (Figure 1 ; Supplemental Data Sets 1 and 2). Of the 162 MIRNAs within PEGs, 48 (29.6%) were within introns, 53 (32.7%) were within untranslated regions (UTRs), 24 (14.8%) were within exons, and 37 (22.8%) spanned the boundaries of different genic components (Figure 1 ; Supplemental Data Set 1). Approximately 84.6% of these MIRNA genes showed the same transcriptional orientations as their host PEGs, while the remaining 15.4% were predicted to transcribe in the orientations opposite to their host genes' transcriptional orientations (Supplemental Table 1 ). The direct transcripts from MIRNAs are generally processed to produce mature miRNAs and thus have been well characterized. Interestingly, the transcripts from 26 of the 48 MIRNAs within introns were detected in 28 mRNA libraries described previously (Shen et al., 2014) , as were the splicing patterns of their host PEGs detected in the same libraries that remove these intronic sequences (Supplemental Table 2 ). Because some of these putative MIRNA transcripts cover the intron-exon junctions of their host PEGs, and some are arranged in opposite orientations to the hosting PEG's transcripts, the coexistence of transcripts from these intronic MIRNAs and respective host PEGs in the same libraries would suggest separate and independent transcription of the PEGs and respective MIRNAs. However, we could not rule out the possibility of alternative splicing or antisense transcription of these PEGs. Of the 79 MIRNAs found in repetitive sequences, 41 (51.9%) were in long terminal repeat (LTR)-retrotransposon sequences, 31 (39.2%) were in DNA transposon sequences, and seven (8.9%) in other repeats (Figure 1 ). When only the 17 MIRNA-containing intact TEs with clearly defined boundaries were counted, 10, 3, 3, and 1 were Mutator elements, CACTAs, LTR-retrotransposons, and a Helitron, respectively (Supplemental Figure 1 and Supplemental Data Set 2). No two of these TEs were found to contain the same MIRNA, regardless if they belong to a same TE family (Supplemental Data Set 2), suggesting that, instead of TE amplification, mutations within existing TEs were responsible for the birth of these TE-related MIRNAs, and such mutations may have led to direct or indirect silencing of those TEs.
Retention of MIRNA Duplicates versus Retention of PEG Duplicates in Soybean
Based on the newly annotated set of PEGs in the soybean reference genome (version 1.1, www.soybase.org) and reanalysis of the duplicated genomic blocks retained after the recent WGD event (Schmutz et al., 2010; Du et al., 2012) , 16,996 singletons and 17,627 PEG pairs that correspond to 35,254 duplicates were defined (Supplemental Data Set 3). As per the assumption that a singleton is the product of deletion of one of two members of a duplicated gene pair (Schmutz et al., 2010) , it is estimated that, maximally, 16,996 PEGs were eliminated after the recent soybean WGD event (Supplemental Data Set 3), suggesting rapid fragmentation of the duplicated genomes. To understand the evolutionary process and consequences of MIRNAs after the recent WGD, we first analyzed the large genomic regions containing each of the 454 MIRNAs and their flanking PEGs and were able to classify these MIRNAs into 234 MIRNA singletons and 220 MIRNA duplicates that correspond to 110 duplicated MIRNA pairs. The ratio of MIRNA singletons to MIRNA duplicates is ;1.06:1, significantly higher than the ratio (0.48:1) of the PEG singletons to PEG duplicates generated by the same WGD event (P < 0.01, x 2 test).
Further comparison of genomic regions harboring these MIRNAs with respective putative duplicated regions generated by the recent WGD (Schmutz et al., 2010; Du et al., 2012) identified 39 MIRNA sequences that are homoeologous to 39 of the 234 singletons defined above (Supplemental Data Set 4). Of these 39 homoeologs, 30 contains point mutations and two contain small insertions/ deletions (indels) in the mature miRNA regions compared with their duplicates, and the remaining seven were more diverged from their duplicates. None of these 39 homoeologs were able to generate miRNAs based on the small RNA libraries that we examined; thus, they were considered as pseudo-MIRNAs or pMIRNAs. Because these 39 pMIRNAs were physically retained in pairs with their respective expressed MIRNA duplicates in homoeologous regions, these pMIRNA-MIRNA pairs were considered as retained duplicates. Under this specific consideration for categorization of duplicated MIRNA pairs retained after WGD, the ratio (0.65:1) of MIRNA singletons to MIRNA duplicates remained to be significantly higher than the ratio (0.48:1) of the PEG singletons to the PEG duplicates (P < 0.01, x 2 test).
The relative proportion of MIRNA singletons versus MIRNA duplicates located in the three categories of genomic components were further analyzed and compared (Table 1; Supplemental Table  3 ). Of the 226 MIRNAs located in unclassified sequences, 56 are singletons and 170 are duplicates, corresponding to a singleton-toduplicates ratio of 1:3.0, which is significantly lower than the ratio (1:2.1) of the PEG singletons to the PEG duplicates in the whole soybean genome (P < 0.01, x 2 test). Of the 177 MIRNAs located in genic sequences, 71 are singletons and 106 are duplicates, corresponding to a singleton-to-duplicate ratio of 1:1.5, which is significantly higher than the ratio of the PEG singletons to the PEG duplicates in the whole soybean genome (P < 0.05, x 2 test). It is also notable that the ratios of singletons to duplicates in genic sequences vary greatly among different genic components, ranging from 2.1:1 in introns as the highest to 1:4.8 in exons as the lowest. Such variation appears to be the outcome of different levels of selection applied to different portions of the PEGs. Of the 90 MIRNAs in repetitive DNA, primarily composed of TE sequences, 68 are singletons and 22 are duplicates, corresponding to a singleton-to-duplicate ratio of 3.1:1.
Different from the PEG singletons, which may be the products of deletion of one of two members of a duplicated PEG pair, the overall overrepresentation of MIRNA singletons was primarily caused by a combination of deletion of one of the two members of duplicated MIRNA pairs, asymmetric tandem duplication of two members of a duplicated MIRNA pair, and sequence variation within amplified TEs. Of the 195 singletons, 23 (11.8%) were involved in asymmetric tandem duplication, which could be the products of either uneven deletion of tandemly duplicated MIRNA homologs that were formed prior to the WGD event, or uneven tandem duplication of two members of a duplicated MIRNA pair produced by the WGD, or both, and 62 (31.8%) were found in repetitive DNA primarily composed of TEs (Figure 1) , and the remaining 110 (56.4%) were considered as the products of deletion per the same assumption for the PEG singletons. Although shared TEs at homologous loci are rarely identified in soybean (Du et al., 2010; Schmutz et al., 2010) , the majority of these MIRNA singletons could be born from TEs amplified after the recent WGD event, as shown in Supplemental Figure 2 . The presence of 22 MIRNA duplicates in TE sequences indicates that is also possible that some MIRNA singletons derived from TEs were generated by deletion after the WGD event.
When both MIRNA duplicates and singletons associated with tandem duplication plus those located in repetitive DNA were excluded, the ratio of MIRNA singletons to duplicates is 1:1.8, significantly higher than the ratio (1:2.1) of PEG singletons to duplicates (P < 0.01, x 2 test), excluding PEG duplicates and singletons associated with tandem duplications, in the soybean genome (Supplemental Table 4 ). This observation may reflect an overall lower retention rate for duplicated MIRNAs than that of the duplicated PEGs in the soybean genome. To further understand the nature and evolutionary process of genomic fractionation shaping the distribution and relative abundance of MIRNA singletons versus duplicates in soybean, we identified the genomic regions in the sequenced common bean reference genome (Schmutz et al., 2014) that are putatively orthologous to the soybean genomic regions harboring the 149 pairs of MIRNA homoeologs and the 195 singletons, as well as all homologs of these soybean MIRNAs in the common bean genome ( Figure 2 ; Supplemental Data Sets 5 and 6). Subsequently, all genomic regions containing these putative orthologs or homologs were compared between the two species. Of the 298 MIRNA duplicates, 188 (63.1%) were found to have putative orthologs in common bean, 26 (8.7%) were found to have homologs in common bean without a detectable orthologous relationship between regions surrounding these homologs, and the remaining 84 (28.2%) did not have any detectable homologs in common bean. By contrast, of the 195 singletons, 28 (14.4%) were found to have detectable putative orthologs in common bean, 22 (11.3%) had homologs in common bean without a detectable orthologous relationship between regions surrounding these homologs, and the remaining 145 (74.4%) did not have any detectable homologs in common bean (Table 1 ). These observations suggest that the WGD MIRNA pairs are evolutionarily more conserved than the MIRNA singletons in soybean in terms of the preservation of their orthologs in common bean.
We also compared these MIRNA orthologs and homologs between the two species, based on genomic components in which these MIRNAs are located. Of the 106 MIRNA duplicates and 71 singletons located within genes, 72 (67.9%) and 11 (15.5%) have putative orthologs in common bean, respectively. Of the 170 MIRNA duplicates and 56 singletons located within unclassified sequences, 114 (67.1%) and 14 (25%) have putative orthologs in common bean. Of the 22 MIRNA duplicates and 68 singletons associated with repetitive DNA, only 2 (9.1%) and 3 (4.4%) have putative orthologs in common bean. Such a low level of preservation of MIRNA genes associated with repetitive DNA, mostly TE sequences, may be explained by rapid movement and divergence of TEs (Du et al., 2010) if inserted in the soybean before the recent WGD or recent birth of MIRNAs within younger TEs amplified after the WGD event. When the MIRNAs in repetitive DNA were excluded, the frequencies of preservation of the MIRNA orthologs in common bean observed for the soybean MIRNA duplicates were significantly higher than those observed for the soybean MIRNA singletons (Table 1 ; P < 0.01, x 2 test). 
Effects of Local Genomic Stability on Retention of MIRNA Duplicates in Soybean
Previous studies demonstrated that the frequency of small deletions of genomic DNA was associated with local genomic features, such as rates of genetic recombination (Gaut et al., 2007; Tian et al., 2009) ; we thus wondered whether the stability of local genomic regions surrounding MIRNAs had local effects on the retention of MIRNA duplicates. The ratio of MIRNA singletons to MIRNA duplicates, excluding those associated with tandem duplication and those located in repetitive DNA, was compared with the ratios of singletons to duplicates for two individual PEGs flanking each of these MIRNA loci. As shown in Supplemental Table 4 , the ratio of MIRNA singletons to MIRNA duplicates (0.56:1) did not show a significant difference from the ratio of PEG singletons to PEG duplicates for the first and second genes (0.65:1 and 0.54:1, respectively) flanking each of these MIRNAs. We then paid a particular attention to the duplication status of the first PEG genes adjacent to individual MIRNAs (those immediately flanking the MIRNAs), excluding those involved in tandem duplication and associated with TEs. Of the 396 PEGs flanking the 198 duplicated MIRNA genes, 253 (63.9%) were duplicated genes and 143 (36.1%) were singletons. By contrast, of the 220 PEGs flanking the 110 MIRNA singletons, 120 (54.5%) were duplicated genes and 100 (45.4%) are singletons. The ratio of PEG singletons to PEG duplicates flanking the MIRNA duplicates is significantly lower than the ratio of PEG singletons to PEG duplicates flanking the MIRNA singletons (P < 0.001, x 2 test; Supplemental Figure 3 ). Together, these observations indicate that the MIRNA duplicates tend to be physically linked with the PEG duplicates in soybean and suggest that, in addition to the functional constraints of MIRNAs, the retention of MIRNA duplicates was affected by the stability of local genomic regions.
Asymmetric Evolutionary Rates for MIRNAs: TE-Related versus Non-TE-Related, Duplicates versus Singletons, and Conserved versus Nonconserved
The evolutionary rates of MIRNAs and PEGs in soybean were estimated by intraspecific and interspecific sequence comparisons. Intraspecific comparison was conducted with sequences generated from seven deeply sequenced and de novo assembled genomes of G. soja , the progenitor species of cultivated soybean. These genomes were estimated to have diverged from each other for 0.7 to 1.1 million years and are quite representative of the natural G. soja population . Interspecific comparison was performed with orthologous sequences between soybean and common bean (Schmutz et al., 2014) , reflecting levels of nucleotide divergence obtained up to the past 19 million years (Lavin et al., 2005; McClean et al., 2010; Schmutz et al., 2014) , although the birth and loss of a particular MIRNA may have occurred more recently. In the intraspecific comparison, the pattern of nucleotide divergence (K) of MIRNAs was different among the three categories in comparison with synonymous substitution (Ks) and nonsynonymous substitution (Ka) of PEG genes (Supplemental Figure 4 ). In the interspecific comparison, the level of nucleotide divergence (K) of MIRNAs was found to be significantly smaller than the level of synonymous substitution (Ks) of PEG genes (P < 0.01, x 2 test) but significantly higher than the level of nonsynonymous substitution (Ka) for both genic (P < 0.01, x 2 test) and unclassified (P < 0.01, x 2 test) categories, although the levels of difference are different ( Figure  3 ; Supplemental Figure 4 ). As expected, the portions of miRNA-5p and miRNA-3p are highly conserved and evolved at the lowest pace in comparison with the coding sequences of PEGs. No significant difference of the levels of nucleotide divergence was observed between the miRNA-5p and miRNA-3p sequences (Supplemental Table 5 ).
Pairwise comparisons of K among the three categories of MIRNA duplicates and among the three categories of MIRNA singletons were conducted separately using the intraspecific comparative sequence data. For both MIRNA duplicates and MIRNA singletons, those related to TEs exhibited significantly higher K than those located in genes and unclassified sequences. No significant difference of K was observed between MIRNAs located in genes and those in unclassified sequences (Figure 4) .
We also compared K between singletons and duplicates under the three categories of MIRNAs using the intraspecific comparative sequence data. For the MIRNAs located in genes, unclassified sequences, and repetitive sequences, significantly higher K values were observed for singletons than duplicates (Table 2) . To understand potential effects of tandem duplication on nucleotide divergence, we further compared MIRNA singletons and duplicates associated with tandem duplication and those that are not associated with tandem duplication. As shown in Supplemental Table 6 , interestingly, if tandem duplication was not involved, the K for MIRNA duplicates was significantly smaller than that for MIRNA singletons (P < 0.001, x 2 test). No significant difference of K was observed between MIRNA duplicates involved in tandem duplication and MIRNA duplicates uninvolved in tandem duplication but a significantly higher K for MIRNA singletons uninvolved in tandem duplication than that for MIRNA singletons involved in tandem duplication (P < 0.001, x 2 test).
Finally, K values between interspecifically conserved and nonconserved MIRNAs, under the categories of MIRNA duplicates and singletons, were compared using the intraspecific comparative sequence data. In both genic and unclassified categories, nonconserved MIRNA singletons consistently showed significantly higher K than conserved MIRNA singletons, but no significant differences were detected between conserved duplicates and nonconserved duplicates (Table 3 ). These observations suggest that the status of duplication, including WGD and tandem duplication, of non-TE-related MIRNAs is the main determinant of their evolutionary rates.
Functional Divergence of MIRNA Duplicates Reflected by Variations in miRNA Sequence and Abundance
Using soybean small RNA libraries previously reported (Zhao et al., 2015) , we evaluated average levels of accumulation of the mature miRNAs for the MIRNA precursors analyzed in this study (Table 4 ; Supplemental Table 7 ). Among the three categories of miRNAs, those located in genic regions showed the highest level of abundance, and those that arose from TEs showed the lowest levels of abundance. Overall, miRNA duplicates located in genic regions showed higher levels of abundance than miRNA singletons located in genic regions, but such a difference was rather modest in comparisons between miRNA duplicates and singletons located in unclassified sequences. Because, generally, a small number of miRNAs are predominant in a particular library (Arikit et al., 2014; Zhao et al., 2015) , as indicated by the SD of the evaluated expression levels (Table 4) , the accumulation levels measured in this set of small RNA data could be somewhat biased. Nevertheless, the distinction was clear for the overall accumulation patterns among the three categories of miRNAs and between the miRNA duplicates and singletons.
In an attempt to understand the evolutionary consequences of duplicated MIRNAs, we compared the 94 duplicated MIRNA pairs and 28 MIRNA singletons in soybean with their respective orthologs in common bean. As shown in Table 5 , of the 94 soybean MIRNA orthologous pairs, 67 (71.3%) each produced an identical miRNA by the two duplicated members and by their ortholog in common bean (dubbed type I: S1=S2=C), seven (7.4%) each produced an identical miRNA, which was diverged from the miRNA produced by an respective ortholog in common bean (dubbed type II: S1=S2;C); eight (8.5%) each produced two Evolutionary rates were calculated by pairwise comparisons between orthologous genes among seven pan genomes of G. soja. The statistical analysis was conducted by Student's t test. The "a" above two columns indicates P < 0.01. diverged miRNAs, one of which was identical to the miRNA produced by an respective ortholog in common bean (type III: S1;S2=C); 10 (10.6%) each produced two diverged miRNAs, neither of which was identical to the miRNA produced by an respective ortholog in common bean (type IV: S1;S2;C), and two (9.6%) each produced two diverged miRNAs, but the respective ortholog in common bean was a pMIRNA (type V: S1;S2?C). By contrast, of the 28 MIRNA singletons in soybean and respective orthologs in common bean, 19 (67.9%) each produced an identical miRNA in both species (type VI: S=C), seven (25%) each produced diverged miRNAs (type VII: S;C), and two (7.1%) were pMIRNAs in common bean (type VIII: S?C).
It is notable that the majority (90.5%) of duplicated MIRNA pairs, whose two members generate identical miRNAs in soybean, have orthologs producing identical miRNAs in common bean. By contrast, of the 20 duplicated MIRNA pairs whose two members produce diverged miRNAs, only eight (40%) have orthologs producing miRNAs identical to one of the two miRNAs in soybean. These observations suggest that homologous MIRNAs producing identical miRNAs in soybean tend to have orthologs that produce identical miRNAs in common bean.
Comparative analysis of the MIRNA orthologs between soybean and common bean revealed potential gain-or lossof-function mutations that have occurred in one of the two duplicated MIRNA homologs in soybean. As exemplified in Supplemental Figure 5 , an insertion of a single nucleotide "G" in one of a duplicated pMIRNA structures appears to have occurred after the recent soybean WGD event in soybean, which may have created a gain-of-function MIRNA that produces miR169 in soybean given the fact that neither its homoeolog in soybean nor its ortholog in common bean without the insertion of "G" apparently enable to produce miRNA products. Another example is a single point mutation that appears to have occurred in one of the two duplicated MIR5778 precursor genes after the recent WGD event, which may have led to the formation of a pMIRNA in soybean. In addition to expressional gain and loss of duplicated MIRNAs, changes in accumulation levels of duplicated MIRNAs were detected by analysis of the relative abundance of distinguishable miRNAs produced by the paired MIRNAs (Supplemental Table 8 ).
The PEG Targets of MIRNA Duplicates Are More Preferentially Retained as Duplicates Than the PEG Targets of MIRNA Singletons
To understand whether the fractionation of duplicated MIRNAs may have shaped the pattern of retention and elimination of their miRNA targets following the recent WGD event in soybean, we selected and analyzed 289 miRNA targets that have been validated using three parallel analysis of RNA ends (PARE) libraries (Song et al., 2011; Shamimuzzaman and Vodkin, 2012; Hu et al., 2013; Arikit et al., 2014; Supplemental Figure 6) . It was found that the 289 PEGs were targeted by 155 miRNAs generated from 265 MIRNAs, including 186 MIRNA duplicates and 79 MIRNA singletons. Among these 186 duplicated MIRNAs and 79 MIRNA singletons, 123 and 47 were predicted to be able to generate 71 and 43 miRNAs, respectively, to target two sets of nonoverlapping genes. It was predicted that the miRNAs from the 123 duplicated MIRNAs targeted 111 PEG duplicates and 31 singletons, while the miRNAs from the 47 MIRNA singletons targeted 39 PEG duplicates and 20 singletons. Statistically, the ratio (1:3.6) of PEG singletons versus PEG duplicates targeted by miRNAs from the duplicated MIRNAs was significantly higher than the ratio (1:2.0) of PEG singletons versus PEG duplicates targeted by miRNAs from the MIRNA singletons (P < 0.01, x 2 test).
The PEG Targets of Conserved MIRNAs Are More Preferentially Retained as Duplicates Than the PEG Targets of Nonconserved MIRNAs
To understand whether the intra-and interspecific conservation of MIRNAs is associated with conservation of the corresponding miRNA targets, we further analyzed the 289 genes targeted by 155 miRNAs generated by 265 MIRNAs, as described above (Supplemental Figure 7) . These 265 MIRNAs were grouped into two categories: conserved MIRNAs and nonconserved MIRNAs. The former refer to the MIRNAs with orthologs in common bean and the latter refer to the MIRNAs without orthologs in common bean. Of the 265 MIRNAs, 163 are conserved and 102 are nonconserved between the two species. When predicted targets of miRNAs generated by both conserved and nonconserved MIRNAs were excluded, there remained 105 conserved MIRNAs and 70 nonconserved MIRNAs, which were predicted to be able to (Meyers et al., 1999; Dangl and Jones, 2001; Jones and Dangl, 2006) . Both classes are targeted by miRNAs, typically generating phasiRNAs, which could reduce the levels of the transcripts of their targets in cis and in trans (Fei et al., 2013) . A MIRNA superfamily composed of the MIR482 family and the MIR2118 family target NB-LRRs at the encoded and conserved P-loop motif and is highly conserved among divergent plant species including Arabidopsis, tomato (Solanum lycopersicum), Medicago truncatula, soybean, and even the grasses (Lu et al., 2006; Subramanian et al., 2008; Szittya et al., 2008; Zhai et al., 2011; Shivaprasad et al., 2012) . In addition, a third, related family, MIR1510, was recently identified in legumes such as M. truncatula and soybean (Subramanian et al., 2008; Szittya et al., 2008; Zhai et al., 2011; Arikit et al., 2014; Zhao et al., 2015) , indicating the existence of this MIRNA family prior to the divergence of these two species from a common ancestor ;50 MYA (Bertioli et al., 2009; Severin et al., 2011) . As expected, MIR1510 was also found in common bean ( Figures 5A and 5B) . To elucidate the evolutionary origin of MIR1510, we extracted the MIRNA sequences of all MIRNAs belonging to the MIR482/ MIR2118/MIR1510 superfamily from soybean and common bean, compared the genomic regions harboring these MIRNAs between the two species, and generated a phylogeny of these MIRNAs. Our results suggest that the two MIR2118s (i.e., gmaMIR2118a and gma-MIR2118b) and the two MIR1510s (i.e., gmaMIR1510a and gma-MIR1510b) are homoeologous pairs generated by the recent WGD, which occurred ;13 MYA, orthologous to the common bean pvu-MIR2118 and pvu-MIR1510, respectively (Figures 5A and 5B; Supplemental Figures 8 and 9) . The results also suggest that MIR2118 and the MIR1510 were generated by a duplication seemingly predating the split of soybean and common bean from a common ancestor. Because MIR1510 was also found in M. truncatula ( Figure 5C ; Zhai et al., 2011) , it is thus reasonable to deduce that the duplication of the MIR2118 and MIR1510 lineages occurred prior to the divergence of soybean/common bean and M. truncatula (Bertioli et al., 2009; Severin et al., 2011) . However, because the genomic regions harboring MIR2118 and MIR1510 did not show clear syntenic relationships in either soybean/common bean or M. truncatula, while the MIR2118 region in common bean is syntenic to a genomic region without MIR1510 (Schmutz et al., 2014) , suggesting that the duplication event producing these two MIRNAs may not be the WGD shared by the soybean/common bean and M. truncatula lineages proposed to have occurred ;50 to 60 MYA. Given that MIR2118 is shared by dicots and monocots ( Figure 5C ; Supplemental Figure 9 ), while MIR1510 is apparently specific to legumes, the MIR1510 group is perhaps a variant specifically formed in the legume lineage, representing an evolutionary novelty mediated by segmental or single-gene duplication. It is also interesting to mention that MIR482 variants were not present in the orthologous regions (Supplemental Figure 10) or any other regions in the common bean genome (Schmutz et al., 2014) , but they present in two pairs of homoeologous regions in soybean that were derived from the older WGD event ( Figure 5C ), suggesting that the original counterpart(s) of soybean MIR482b/d and MIR482a/c in miRNAs from the MIRNA orthologs in soybean and common bean are different S;C 7 miRNAs from MIRNAs in soybean were not detected in common bean S?C 2 common bean must have both been eliminated. For all members of the MIR482/MIR2118/MIR1510 superfamily in soybean, high levels of abundance of both miRNA-5p and miRNA-3p were detected, with the former predicted to target a variety of PEGs and the later mainly regulating NB-LRR gene family ( Figure 5D ). More interestingly, miR1510, which is 21 nucleotides in length, was predicted to target 111 NB-LRRs, including 86 TNLs and 25 CNLs in soybean. By contrast, the highly conserved 22-nucleotide miR2118 and 22-nucleotide miR482 were predicted to only target seven and nine NB-LRRs, respectively, with three and two predicted targets overlapped with the predicted targets of miR1510 (Figures 6A and 6B ; Supplemental Figure 11 and Supplemental Data Set 7). A careful examination of the precursor sequences of the three MIRNAs reveals a shift of eight nucleotides resulting from natural variation in the stem of the predicted MIR1510 ( Figure 6C ; Supplemental Figure 12 ). This 8-nucleotide shift better aligns miR1510 with the highly conserved nucleotides that encode the core of the P-loop and appears to be responsible for the formation of MIR1510, including both miR1510-5p and miR1510-3p.
The 21-nucleotide miRNA1510 showed canonical characteristics of the 22-nucleotide miRNA triggers associated with AR-GONAUTE1 (AGO1) for initiation of PHAS loci ( Figure 5C ), such as "U" in the 59 position, a common feature of miRNAs loading to AGO1, "A" in position 10, and "C" in the 39 position (Chen et al., 2010) . In addition, a previous analysis of PARE data and soybean miRNAs demonstrated that miR1510 directs cleavage and triggers biogenesis of phasiRNAs from at least 20 NB-LRRs (Arikit et al., 2014) . Therefore, miR1510 is clearly a trigger for producing phasiRNAs, although the miR1510-5p:miR1510-3p duplex does not show any asymmetrically positioned bulged base(s) (Supplemental Figure 8) . Such bulged bases, rather than miRNA-5p or miRNA-3p length, have been shown to be a critical factor for some 22-nucleotide miRNAs to trigger the production of secondary siRNAs (Manavella et al., 2012) . The PARE data and small RNA data previously generated by our studies in soybean (Song et al., 2011; Shamimuzzaman and Vodkin, 2012; Hu et al., 2013; Arikit et al., 2014; Zhao et al., 2015) reveal that miR1510 targets the encoded, core P-loop motif of NB-LRRs, a sequence highly conserved among the 111 predicted targets in soybean (Figures 6C and 6D; Supplemental Figure 13 ). By contrast, the target sites of miR482 and miR2118 in NB-LRR are more diverged, to a level at which only a few NB-LRR copies could be targeted by these two interspecifically highly conserved miRNAs; as a result, NB-LRRs in soybean are primarily targeted by miR1510. In soybean, miR1510 functions as the Figure 6 . Predicted Targets of miR482, miR2118, and miR1510 in Soybean. (E) Phylogenetic analysis of NB-LRR targets of miR1510, miR482, and miR2118 in soybean. The first phylogenetic tree was constructed using the nucleotide sequences of the conserved P-loop domains described by Meyers et al. (2003) (Region I in [C] ). The second, third, and fourth trees were constructed using the nucleotide sequences of Regions II, III, and IV in (C), respectively. Sequence alignments are shown in Supplemental Data Sets 9 to 12. primary miRNA trigger of phasiRNAs from NB-LRRs despite its 21-nucleotide length.
Evolution of NB-LRR Genes Appears to Be Affected by the Evolution of the miRNA Triggers of PhasiRNAs
To understand the potential evolutionary interplay between NB-LRR genes and their miRNA trigger of phasiRNAs, particularly after the birth of miR1510, we performed phylogenetic analysis of the putative NB-LRR targets of these three MIRNA families using sequences from multiple region/subregions of the P-loop domain, including the full length of the P-loop, the region covered by the target sites of miR482/miR2118 and miR1510, the miR482/ miR2118 target site, and the miR1510 target site ( Figure 6C ). When the full length of the P-loop was used in phylogenetic analysis, the TNLs and CNLs were exclusively grouped into two distinct and distant clades ( Figure 6E ; Supplemental Figure 11 ). When the three subregions within the P-loop were used, proportions of CNLs were grouped into clades dominated by TNLs, and some CNLs were even found to be the ones closet to some of the TNLs within the same clades (Figures 6E). These observations suggest that sequence homogenization or recombination involving these miRNA target sites may have occurred between some of the TNLs and CNLs in soybean, leading to the formation of the CNL variants that can be targeted by miR1510.
DISCUSSION
Although miRNA-mediated gene regulation that affects various biological pathways is recognized as a widespread phenomenon in the plant kingdom (Carrington and Ambros, 2003; Bartel, 2004; Carthew and Sontheimer, 2009 ), our understanding of MIRNA evolution, particularly after WGD events, has been limited. On the one hand, some plant miRNA families are highly conserved across species (Zhang et al., 2006; Fahlgren et al., 2010) , but on the other hand, more miRNA families are not shared than are shared across phylogenetically distant species (Fahlgren et al., 2010; Cuperus et al., 2011; Montes et al., 2014) . Furthermore, these studies generally focused on miRNAs instead of their precursors. Thus, our view of the evolutionary conversation and divergence of MIRNAs across plants has remained blurry, including the evolutionary processes and consequences of duplicated MIRNAs in the complex paleopolyploid genomes. In this study, we illustrated the origin, distribution, duplication types and status, evolutionary rates, subgenomic and interspecific conservation and divergence, evolutionary novelty of MIRNAs, and miRNA-mediated coevolution between MIRNAs and target PEGs in the paleopolyploid soybean by genome-wide comparison with orthologous regions in common bean, thereby providing novel insights into the nature, patterns, and processes of MIRNA evolution primarily triggered by a WGD event.
Rapid Birth and Purge of MIRNA Genes
We observed a significantly higher ratio of MIRNA singletons to MIRNA duplicates than the ratio of PEG singletons to PEG duplicates in soybean. Nearly half of these MIRNA singletons appear to have arisen by gain-of-function changes from repetitive sequences that are predominantly composed of TEs (Figure 1 , Table 1 ). Among these TEs, >80% are truncated fragments, remnants of ancient TEs (Supplemental Data Set 2). Actually, a proportion of TE sequences harboring MIRNAs are present even at homoeologous loci in soybean or orthologous loci between soybean and common bean ( Table 1 ), suggesting that their insertions predate the recent WGD event that occurred in soybean ;13 MYA or the split of the two species ;19 MYA. Nevertheless, the ages of TEs do not always or may not reflect the dates when the MIRNAs came into existence. Indeed, many of the TE-related MIRNAs appear to have been formed very recently, given the fact that none of these MIRNAs are shared by any other TEs belonging to a same family. For example, only three MIRNA-containing TEs were found to be intact LTR-retrotransposons, which were dated to 1.3, 1.6, and 2.8 MYA, but none of any other intact LTR-retrotransposons belonging to these families, regardless of their ages (Supplemental Figure 2 ; Du et al., 2010) , were detected to harbor MIRNAs, suggesting that the TE-derived MIRNAs were formed independently without further proliferation via their host elements. It is unclear whether these host elements were "dead" before the MIRNA formation or whether their activities were suppressed upon the formation of the MIRNAs.
We would like to point out that the MIRNAs within TE sequences shared by soybean and common beans at orthologous regions were presumably formed before the split of the two species, if one believes that independent formations of an MIRNA at an orthologous locus between the two species would rarely occur. If this is true, then the orthologous TE-derived MIRNAs could have been under some level of functional constraints during independent evolution of soybean and common bean, resulting in their preservation in both species. Under this assumption, it is also reasonable to deduce that some MIRNA singletons in soybean, particularly those shared by common bean at orthologous loci, are more likely to be formed by deletion or decay of the other MIRNA copies derived from the WGD, rather than birth of new MIRNAs after the WGD event. Nevertheless, the relative abundances of the predicted miRNAs from the majority of these TErelated MIRNAs are relatively low; thus, this category of MIRNAs remains to be further validated.
We demonstrated different retention rates for MIRNA duplicates among those located in different portions of PEGs, including introns, exons, UTRs, and junctions of different genic components, and between those located in genic regions and harbored by unclassified sequences (Table 1 ). An extremely low retention rate (2.1:1) for MIRNA duplicates was observed in introns compared with other genic portions. Because these introns did not contain any detectable TE sequences, such a low retention rate is more likely to be the outcome of a faster rate of purge of MIRNAs from introns, which generally have limited impact on gene functions and are thus more easily retained. Of course, we could not fully rule out the possibility that some of the MIRNA singletons could be the products of insertions by transposition or other mechanisms. The average retention rate for MIRNAs in unclassified regions was found to be even higher than that for MIRNAs in genic regions. If intronic sequences are nearly neutral, the detected higher retention rate for MIRNAs in unclassified sequences may indicate that these unclassified sequences were under some level of functional constraint.
Duplication Status Is a Key Indicator of Interspecific Conservation of MIRNAs
Comparative analysis of MIRNAs and their flanking regions between soybean and common bean revealed a striking distinction between the soybean MIRNA duplicates and MIRNA singletons in the relative preservation of their orthologs in common bean (Tables 1 and 5 ). When TE-related MIRNAs were excluded, ;67% of MIRNA duplicates in soybean were found to have orthologs in common bean, while only ;20% of MIRNA singletons in soybean were found to have orthologs in common bean. In general, when both members of a duplicated MIRNA pair are retained at homoeologous sites of duplicated regions, it is believed that neither of the two members was involved in local genomic rearrangements. By contrast, a singleton could be explained solely by a local deletion/insertion, translocation, or tandem duplication event without DNA removal from the genome. The possibility for formation of some MIRNA singletons without DNA removal from the genome appears to be echoed by the existence of homologous sequences of 22 soybean MIRNAs that do not have orthologs in common bean. However, only seven of the 48 MIRNA homologs in soybean were found to be MIRNAs in common bean, versus 118 of the 122 MIRNA orthologs were identified to be MIRNAs in common bean (Tables 1 and 5 ; Supplemental Data Set 5), suggesting that it is very unlikely that these common bean homologs are the relocated copies of original orthologs of soybean. Moreover, ;74% of the soybean MIRNA singletons do not even have homologous sequences in common bean, versus only ;28% of the soybean MIRNA duplicates lacking homologous sequences in common bean. Together, these lines of observations suggest that the majority of the singletons in soybean, particularly those unrelated to TEs, were formed by rapid decay or removal of their respective duplicated copies from the soybean genome. If true, then the lower rate of preservation of MIRNA singleton orthologs than those of MIRNA duplicates in common bean would indicate that overall the MIRNA duplicates retained in soybean have been under stronger functional constraints than MIRNA singletons. This would be also true for the orthologs of the soybean MIRNA duplicates in common bean.
Effects of Local Genomic Stability on Formation of MIRNA Singletons Are Detectable at Small Scales
The effects of local genomic features, such as gene density, proportion of TEs, rates of recombination, and their interplay, on removal of both TE sequences and genic sequences have been described (Wicker et al., 2007; Tian et al., 2009; Du et al., 2012) . In addition, analyses of the distribution of PEG singletons versus duplicates revealed that a majority of singletons in paleopolyploid genomes (maize and soybean) were dispersed in duplicated blocks, rather than clustered (Langham et al., 2004; Ma et al., 2005; Wicker et al., 2007) . This suggests that these PEG singletons were likely formed by independent events that removed single genes, perhaps primarily through accumulation of small deletions generated by illegitimate recombination (Devos et al., 2002; Ma et al., 2004; Wicker et al., 2007) . In this study, we found that the duplication status of MIRNAs is associated with the duplication status of their flanking PEGs, suggesting that local genomic features do have effects, at a very fine scale, on formation of small genomic deletions that remove both PEG and adjacent MIRNA singletons.
Interplays among Duplication Status, Evolutionary Rates, Relative Abundance, and Functionality of MIRNAs PEG duplicates evolve significantly slower than singletons in eukaryotes (Davis and Petrov, 2004; Jordan et al., 2004; Yang and Gaut, 2011; Du et al., 2012) . Similar to PEGs, MIRNA duplicates were found to evolve significantly slower than MIRNA singletons in the past million years or so, regardless of whether these MIRNAs were located in genic or unclassified regions ( Table 2 ). The miRNA-5p and miRNA-3p are the portions of MIRNAs that have undergone strongest selection ( Figure 5 ; Supplemental Table 5 ). The relatively low rates of nucleotide divergence for MIRNA duplicates, consistent with the relatively high rates of preservation for MIRNA duplicates indicate a relatively strong functional constraint on these retained MIRNA duplicates, which explains why the majority of duplicated MIRNA pairs, whose two members generate identical miRNAs in soybean, have orthologous MIRNAs in common bean (Table 5 ; Supplemental Data Set 5). Indeed, duplicated status, rather than maintenance of orthologous relationship, appears to the primary force driving MIRNA divergence, based on the observations that nonconserved MIRNA singletons evolve faster than conserved MIRNA singletons, but the conserved duplicates and nonconserved duplicates did not show differences in the overall rates of nucleotide divergence (Table 3) , and MIRNA duplicates showed relatively higher expression than singletons (Table 4) . The relative slow evolution and strong functional constraint of both PEG and MIRNA duplicates and preferential retention of PEG targets of conserved MIRNAs appear to support the gene balance theory, which predicts that maintaining proper balance in the concentrations of protein subunits in a macromolecular complex and members of regulatory networks and highly connected portions of signaling duplicated networks is vital to maintain normal function and that an imbalance may lead to either decreased fitness or lethality (Birchler and Veitia, 2007; Freeling, 2008; Veitia et al., 2008; Edger and Pires, 2009) .
The relatively low rates of nucleotide divergence are not limited to duplicated MIRNAs generated by WGD; MIRNA duplicates generated by tandem duplication also showed slower evolution than singletons associated with tandem duplication events (Supplemental Table 6 ). Interestingly, no significant difference in evolutionary rates was observed between MIRNA duplicates with both homologs generated by WGD and with paralogs produced by tandem duplication retained in the genome versus MIRNA duplicates without paralogs in the genome, suggesting that the dosage effects of MIRNA duplicates may be negligible.
What are the evolutionary consequences of MIRNA duplicates? Clearly, 39 p-MIRNAs that are homoeologous to 39 expressed MIRNAs, but not expressed in any tissues, would be considered as the outcomes of nonfunctionalization, whereas the 69 duplicated MIRNA pairs each with two members producing identical miRNAs likely maintained the same original functions, unless they are differentially regulated to accumulate in different tissues or at different developmental stages. However, because of their slower evolution and higher interspecific preservation, and because the majority of these duplicates have common orthologs producing identical miRNAs (i.e., S1=S2=C; Table 5 ), these duplicates are more likely to be functionally conserved. Variations in sequence divergence and levels of expression among homoeologous and orthologous MIRNAs, e.g., "S1~S2=C" and "S1~S2~C", could be the outcomes of neofunctionalization, subfunctionalization, or speciation. Further in-depth structural and functional analyses of specific miRNA families may help to exemplify these evolutionary scenarios.
Coevolution of MIRNAs and PEGs through miRNA-Mediated Regulation
Because multiple MIRNAs could produce identical miRNAs, and an individual miRNA could regulate expression of multiple PEG targets, in many cases, the evolution of MIRNAs on the evolution of their PEG targets cannot be elucidated. This is particularly true for many MIRNA duplicates producing identical miRNAs. Nevertheless, we detected propensities for miRNA-mediated MIRNA-PEG interactions, which are reflected by two tendencies for retention of duplicates: (1) PEG targets of MIRNA duplicates tend to be retained as duplicates rather than PEG targets of MIRNA singletons, and (2) PEG targets of conserved MIRNAs tend to be retained as duplicates rather than PEG targets of nonconserved MIRNAs. Given that both MIRNA duplicates and PEG duplicates have undergone stronger functional constraints than MIRNA singletons and PEG singletons, such tendencies would be indicative of coevolution between MIRNAs and their PEG targets.
The coevolution between MIRNAs and PEG targets was exemplified by structural and evolutionary analysis of NB-LRRs targeted by legume-specific miR1510, derived from the miR2118/miR482 superfamily ( Figure 5 ). In tomato, CNLs comprise the major type of NB-LRRs and are targeted by miR482 (Shivaprasad et al., 2012) . By contrast, TNLs are the main targets of miR1510 in soybean ( Figures  6A and 6B ), although CNLs remain more predominant than TNLs (Zhao et al., 2015) . This distinction in the relative proportion of CNLs versus TNLs appears to be associated with the shift of an 8-nucleotide motif between miR482 and miR1510 ( Figure 6C ; Supplemental Figure 12 ). More intriguingly, chimeric structures seemingly caused by intergenic sequence exchanges between TNLs and CNLs or sequence homogenization biased toward the enrichment of miR1510 target site within the P-loop domains in the soybean genome was revealed by phylogenetic analysis ( Figure  6E ). Based on these observations, we propose that after the emergence of miR1510, miR1510 took over the targeting of some NB-LRRs from miR2118 as a result of target site mutations. Although the dynamic evolutionary history of NB-LRRs in soybean remains to be more fully elucidated, our study provides an appealing example of miRNA-mediated coevolution between an MIRNA and its PEG targets, showing how such coevolution has shaped the composition of NB-LRRs, an important gene family with primary roles in plant-pathogen interactions.
METHODS
Detection of Mature miRNA, MIRNA Gene, and PEG Expression Small RNAs generated from the susceptible cultivar Williams and its nine NILs (Lin et al., 2013; Zhao et al., 2015) were used to estimate relative abundance (or levels of accumulation) of mature miRNAs. To detect the transcripts of MIRNAs embedded in the host PEGs and splicing sites of the host PEGs, RNA-seq data from 28 samples of soybean (Glycine max) tissues at different developmental stages previously generated (Shen et al., 2014) were retrieved and reanalyzed. The RNA-seq reads were uniquely mapped to the soybean reference genome allowing mismatch of a single nucleotide per paired reads using TopHat2 ). The MIRNA transcripts and the splicing sites of the host genes with matched full-length RNA-seq reads were considered as coexistence of the MIRNA transcripts and normal transcripts of the PEG harboring the MIRNAs.
Identification of WGD MIRNA Pairs and Singletons
All known MIRNAs collected from miRBase (Kozomara and GriffithsJones, 2011) were further examined to remove the ones that were reannotated as siRNA-like miRNAs (Arikit et al., 2014) . The remaining MIRNAs after manual inspection and the novel MIRNA genes previously identified by our team (Zhao et al., 2015) were included in our analyses. To characterize duplicated MIRNA pairs and MIRNA singletons, homoeologous PEG pairs and singletons were identified using the new version of soybean gene annotation (G. max v1.1) following the methods previously described (Du et al., 2012) . The duplicated MIRNA pairs were defined as: (1) pairs of MIRNA sequences with high similarity (identity >80% and matched length >80%) and (2) pairs of MIRNA sequences flanked by upstream and downstream homoeologous PEG pairs in the duplicated genomic blocks as previously defined (Schmutz et al., 2010; Du et al., 2012) .
Determination of Soybean MIRNA Orthologous Genes and Identification of Novel miRNAs in the Common Bean Genome
To identify orthologous MIRNA genes in the common bean (Phaseolus vulgaris) genome, homologous protein gene synteny between soybean and common bean were determined using MCScanX (Schmutz et al., 2010 (Schmutz et al., , 2014 Wang et al., 2012) . Soybean MIRNA precursor sequences were used as queries to search again common bean reference genome using BLASTN with default parameters (Altschul et al., 1997) . The candidate MIRNA gene hits to the corresponding pseudomolecules were further checked for the flanking gene synteny between soybean and common bean. MIRNA genes in the same syntenic region were considered as interspecific orthologs. The WGD MIRNA pairs in soybean and interspecific MIRNA orthologs were view using the Circos software (Krzywinski et al., 2009) .
A combination of de novo prediction following a pipeline previously described (Zhai et al., 2011; Zhao et al., 2015) and ortholog comparison was used to identify new miRNAs in the assembled common bean genome (Schmutz et al., 2014) . Publicly available small RNA sequencing data from root, flower, nodule, and developing seed were downloaded, trimmed, and mapped to the common bean genome using Bowtie (Langmead et al., 2009; Zhai et al., 2011) with the parameters only allowing perfect matches. CentroidFold with the CONTRAfold engine (Sato et al., 2009 ) was used to predict the secondary structures of MIRNA precursors.
Identification of MIRNAs Associated with Tandem Duplication
A total of 493 MIRNA precursors were used for identification of tandem duplicated MIRNAs. An all-against-all BLASTN search was performed using default parameters. The candidate BLAST hits were kept for manual inspection. Tandemly duplicated MIRNA genes were defined as genes in the gene pairs that (1) belong to the same MIRNA gene family and (2) are separated by less than one protein spacer gene.
Analysis of Sequence Divergence
Homologous sequences were aligned using MUSCLE program (Edgar, 2004) or ClustalW (Thompson et al., 1994) using default parameters with manual refinement and viewed by Jalview. The Ka and Ks of PEGs and nucleotide sequence divergence K of MIRNA genes were estimated using the yn00 and baseml modules in the PAML software, respectively (Yang 2007) . Ka, Ks, and K were calculated by comparison of orthologs of protein and MIRNA genes between soybean and common bean and orthologs within seven highly diverged Glycine soja accessions .
Phylogenetic Analysis of MIRNA Precursors and NB-LRR Targets
Potential targets of miR482, miR2118, and miR1510 were predicted using TargetFinder 1.6 (http://carringtonlab.org/resources/targetfinder) with the parameters of penalty score # 5. The MIRNA precursor sequences and the target region or/and flanking sequences of 122 predicted NB-LRR genes were used to constructed the phylogenetic trees using the neighbor-joining maximum composite likelihood model integrated in MEGA4 (Tamura et al., 2007) . Bootstrap values were calculated from 1000 replicates.
Statistical Analysis
The significance of difference of sequence divergence level, between MIRNA genes and different sets of PEGs, between conserved and nonconserved MIRNA genes, between MIRNA duplicates and singletons was estimated by Student's t test or Student's paired t test in the SAS software. The significance of different ratios of MIRNA singletons to MIRNA duplicates was evaluated by x 2 test. 
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